We examine the effects of four types of errors in the RHIC' dipoles and quadrupoles on the on-momentum closed orbit in the machine. We use PATRIS'both to handle statistically the effects of kick-modeled errors and to check the performance of the Fermilab correcting scheme3 in a framework of a more realistic modeling. On the basis of the accepted rms values of the lattice errors, we conclude that in about 40% of all studied cases the lattice must be to some extent pre-corrected in the framework of the so-called "first turn around strategy," in order to get a closed orbit within the aperture limitations at all and, furthermore, for approximately 2/3 of the remaining cases we find that a single pass algorithm of the Fermilab scheme is not sufficient to bring closed orbit distortions down to acceptable levels. We have modified the scheme and have allowed repeated applications of the otherwise unchanged three bump method and in doing so we have been able to correct the orbit in a satisfactory manner.
Introduction
We have selected four major types of lattice errors. They are the error in the integrated dipole field strength AD(BG)/BG, the axial tilt of the dipole AO, and the lateral displacements of the quadrupole along the two transverse directions.
The rms values we have used are the following ones:
A(Bc)/BG = 0.5 x , AO = radians,
Lateral quad displacements AQX = AQY = 0.25 x A 2.5 o cut was imposed on all distributions of random errors. Sextupoles were modeled as thin lenses, but in all other aspects they were assumed perfect. Higher order multipole errors have not been included. Orbit correctors were assumed to be thin lenses. Both beam position monitors and correctors were assumed ideal, i. e. perfectly aligned with the axis going through an ideally placed quadrupole and monitors were assumed to have a perfect sensitivity.
The tracking/analysis code PATRIS was used to handle the simulation and analysis of closed orbit distortions and furthpmore to correct them. The RHIC lattice we used was tuned with p = 3m. m.
The Results of Statistical Treatment of Closed Orbit Errors in the Kick Approximation
For the purpose of quick statistical treatment of the effects of magnet imperfections on the closed orbit, PATRIS employs an algorithm whose basic ingredients are given in the Courant-Snyder paper.4 PATRIS runs over 21 independent distributions of random lattice errors and evaluates the appropriate orbit distortion rms values at the end of each magnet. The effects of errors are evaluated in the kick approximation, with nonlinearities, including those coming from chromaticity correcting sextupoles, being disregarded. The only place where nonlinearities are taken into account is evaluation of tune shifts and beta variations as a result of crossing of the sextupoles by a distorted closed orbit. No correctors are engaged at this stage.
The resulting closed orbit distortions are displayed in Figure 1 for the horizontal plane. We have similar results on the vertical plane. One immediately observes how the rms values of closed orbit distortions follow the local values of the relevant beta functions. In the insertions these rms values can become quite large.
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The results of the effects of the sextupole crossing by a distorted closed orbit are given in Table 1 . One will notice that 10 out of 21 distributions of random lattice errors produce unstable lattices when the sextupoles are taken into account, at the specified input rms values of magnet imperfections (the value -1.0 in the output is meant to signal an instability). The remaining 11 distributions have produced significant beta variations and tune shifts. The bottom line displays the rms values of the tabulated quantities.
The Results of Realistic Closed Orbit Modeling. The Performance of the Fermilab Correcting Scheme on RHIC For a realistic closed orbit modeling, it is desirable to have a better scheme than that of a simple representation of lattice error effects by kicks. Furthermore, one would like to see what happens with closed orbit distortions once a certain well-defined sort of correction is implemented. Both goals have been attained in PA-TRIS, which on the one hand has the capabilities of simulating the lattice errors by incorporating them realistically into its 7 x 7 transfer matrix, and which on the other hand can correct the orbit by engaging the Fermilab correcting scheme, based on the so-called three bump method. The correctors are assumed to be BPM's at the same time and they have been placed beside focusing quadrupoles where the relevant beta function is large. Also in the arcs the orbit correctors at the same time appear to be adjacent to the chromaticity correcting sextupoles.
We started our analysis by assuming somewhat too stringent demands on acceptable lattice errors. All four types of errors were assumed to be at levels in the appropriate units. We noticed that PATRIS always found a periodic solution for the perturbed lattice, but could not correct the distorted closed orbit down to acceptable levels (-1 mm) for a significant fraction of the 12 random error distributions we used. We attempted to cure this problem by introducing more correctors at additional locations, but improvements were almost negligible. We also attempted to correct the orbit with an overall scaling of evaluated corrector strengths, to see if we can undo 3 possible overcorrection/undercorrection, but no improvement resulted. Finally, we decided to abandon one basic assumption of the Fermilab correcting scheme: it is a single pass around, linear correcting algorithm. We made the necessary modifications and enabled PATRIS to repeat the correction several times if necessary. This action solved the problem; the second pass brought the orbit distortions down to acceptable levels. From that point we moved on to a more realistic set of lattice errors as given in the Introduction for which case we had run 12 different random error distributions.
In five out of these twelve cases badly distorted closed orbits were found, but attempts to correct them resulted in unstable lattices. These instabilities showed up in various ways; in one case the code printed out det IM -I1 -which indicated the proximity of an integer tune, and then stopped, in some other cases the code stopped and displayed the message "Tr M > 2" in one plane, and finally there were cases when the code crashed even before being able to evaluate the one-turn map and its linearization M and to conclude that the lattice was unstable.
In the remaining seven cases the modified Fermilab scheme clearly worked well. Their results are displayed in Table 2 . The first three cases in the table are called "good" since the second correction sufficed. They are followed by two cases we call "fair" because the results of the second correction are not too far from the levels which might be acceptable (-1 mm). The last two cases we call "poor" because after the second correction the maximum excursion of the closed orbit is still huge (i.e. beyond 10 mm!). Furthermore, the improvement between the first and the second correction is only about a factor two. In addition to this, the quality of the first correction is very low in both cases; indeed, very sharp readjustments of kick strengths between the first and the second correction are the most significant indicators of this questionable initial efficiency. However, the second correction brings even these two poor cases in line with the others and the third correction is then sufficient. We would also like to mention that the worst of all working examples (the last example in Table 2 ). behaved as a sort of average example in the twelve pilot runs with the rms lattice error levels when all twelve sets of random errors generated a lattice whose stability was preserved in the process of orbit correction. For this reason, we have retained this example as a kind of "average" case out of twelve cases and have decided to use it to represent a succession of three corrections in Figure 2 . Only one superperiod is shown. We showed only the case of horizontal plane. There is a similar behavior in the vertical planes.
Since the kick strength 68 = 6(BC)/Bp it follows that each milliradian of 68 translates into the integrated strength 6(B E) = Bp) T.m = 8.5 kG.m at the top magnetic rigidity Bp = 850 T.m. The maximum kick angle we picked up in the seven successful runs was 0.196 milliradians, which will then translate into a 1.7 kG.m demand on the correctors' maximum integrated strength.
To address the issue of the hardware ability to make sufficiently precise readjustments between the two subsequent actions of the correcting algorithm, we call the reader's attention to Table 3 . In this table we have displayed the kick strengths of the first 25 dipole correctors in each corrective pass. The reader will notice the interesting fact that between the monitors number 7 and 16 the algorithm does not readjust the values of the kick strengths found in the first pass. Indeed this region is an insertion without sextupoles and one can show that the kick strengths evaluated by the Fermilab correcting scheme, for a given set of orbit distortions, in a region free from nonlinearities depend only on the elements of the linear transfer matrix in this region and not on anything outside the region. The presence of external nonlinearities will only degrade the quality of the correction inside the nonlinearity-free region, i.e. the corrected closed orbit will not shrink to zero, but the corrector strengths inside the region remain unaffected. However, the presence of nonlinearities does affect correction strengths in the regions with nonlinearities. Therefore, if one takes two cases, one with sextupoles on and another with sextupoles off, then a one-pass Fermilab correction will shrink the corrected closed orbit distortions to zero at every monitor/corrector if all of the sextupoles are off, and nowhere exactly to zero if some of the sextupoles are on. Furthermore, the two cases wili have different kick strengths in the regions with sextupoles, but the same strengths in the nonlinearityfree regions.
From the foregoing it should also be obvious that the second and further passes must leave the correctors' strengths unchanged in nonlinearity-free regions while at the same time keeping readjusting other correctors to get better and better orbit in each subsequent pass. In a real RHIC, of course, the insertions will contain nonlinearities from sources other than the chromaticity correcting sextupoles and the modified Fermilab algorithm will therefore readjust the insertion correctors in each pass too.
We notice that with the hardware ability to readjust the dipole correctors to an accuracy of of the required maximum integrated corrector stren th we can change the kick strength by approximately 0.2 x 10.' = 2 x milliradians. From Table 3 it is now obvious that the hardware will be capable of readjusting the kick strengths to move effectively from the second pass to the third one, which was enough in all our cases of successful orbit correction (i.e. seven out of twelve cases when the lattice was not made unstable by the very first correction). The readjusting accuracy might be insufficient for a proper execution of the fourth correction, but an improvement of the hardware ability from a to a 5 x level will guarantee a feasibility of the fourth correction, if needed.
Conclusion
In our analysis of the closed orbit problem in RHIC, we have inevitably had to face the fact that this is by no means an easy machine to correct. Even at the very stringent lattice error rms values, the Fermilab scheme could not correct the orbit to acceptable levels, in a single pass. A multipass generalization of the correcting scheme, which we implemented in PATRIS, worked well at this level of errors but failed in 5 out of 12 cases when the lattice errors were allowed to assume more realistic rms values. In these five "pathological" cases the lattice was still stable, the closed orbit was found by PATRIS but the first correction failed by producing an unstable lattice. Moreover, the uncorrected orbit was so grossly distorted that it exceeded physical aperture limitations in several places in the lattice. Under such harsh but not unlikely circumstances, the beam would never make its first turn around in a real machine and there would be no orbit at all to correct. The problem will have to be dealt with in the framework of the first turn around strategy. The orbit would then be already partially corrected (or pre-corrected) once the first turn around has been established, and at that point a multipass Fermilab algorithm will have worked. We are currently working in this direction, having two possible approaches or a combination thereof in mind. One is to invest more efforts in attempting to undo a possible overcorrection in the Fermilab scheme's first pass. The other is to try first to establish a reasonably behaved orbit at reduced strengths of chromaticity correcting sextupoles. 
